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Abstract—Permanent magnet synchronous motors (PMSMs) 
provide a competitive technology for EV traction drives owing to 
their high power density and high efficiency. In this paper, three 
types of interior PMSMs with different PM arrangements are 
modeled by the finite element method (FEM). For a given 
amount of permanent magnet materials, the V shape interior 
PMSM is found better than the U-shape and the conventional 
rotor topologies for EV traction dri ves. Then the V shape interior 
PMSM is further analyzed with the effects of stator slot opening 
and the permanent magnet pole chamfering on cogging torque 
and output torque performance. A vector-controlled flux-
weakening method is developed and simulated in matlab to 
expand the motor speed range for EV drive system. The results 
show good dynamic and steady-state performance with a 
capability of expanding speed up to 4 times of the rated. A 
prototype of the V shape interior PMSM is also manufactured 
and tested to validate the numerical models built by the finite 
element method. 
 
Index Terms—Electrical vehicles (EVs), finite element method 
(FEM), permanent magnet synchronous motors (PMSMs), 
torque ripple, flux weakening .  
 
I. INTRODUCTION 
LECTRIFIED VEHICLES (EVs) have been considered as a 
major technical advancement over conventional fossil fuel 
based vehicles, because of  their low emissions and high 
efficiency [1]-[3]. At the heart of EV drivetrain is  the 
electrical motor, which converts electricity (generally from a 
battery) into mechanical energy to drive the wheels. The 
motor drives can be based on direct-current (DC) motors, 
induction motors (IMs), switch reluctance motors (SRMs), 
permanent magnet synchronous motors (PMSMs), switched 
flux permanent magnet motors (SFPMMs) [4]. In the literature, 
different motor topologies for EVs are compared [5]-[8] and 
results show that PMSMs have the best performance in terms 
of system efficiency, power density and power-speed range 
while their drawbacks are associated with limited reserve and 
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supply stability of the rare-earth materials they rely on. 
Although both interior PMSMs and surface mounted PMSMs 
can be utilized for EV traction drives, the former are more 
suitable for EV traction drives [9] as they can offer higher 
reliability and overload ability than the latter.  
Within interior PMSMs, There are various rotor topologies 
available, which offer some flexib ility and design freedom 
with regard to the placement of permanent magnets. Rotor 
topologies and parameters can lead to differing performance 
of EV motor d rives. A multi-objective optimization approach 
for the interior PMSM design is proposed in [10] , with the 
response surface methodology introduced to dramat ically save 
the CPU-t ime without de-grading accuracy. Moreover, torque 
ripple reduction of interior PMSMs has also attracted much 
attention as noise and vibration can be issues that affect drive 
comfort. An optimization of rotor slot geometry is proposed in 
[11]. Rotor pole skewing is adopted in [12] and the current 
harmonic inject ion is employed in [13]. Alternatively, a  
genetic algorithm approach with efficient FEM is proposed to 
minimize cogging torque for PMSMs [14].  
For EV traction applications, a  wide speed range is highly  
desirable. Interior PMSMs can extend their operational speed 
range by weakening their magnetic flux (constant power 
operation). Moreover, other methods proposed in the literature 
include magnet segmentation and rotor iron bridge dimension 
optimization. Both are p roved to be effective in improving the 
motor’s flux weakening capability [15]. 
In this paper, three types of interior PM topologies are 
analyzed and compared. Based on the same amount of 
permanent magnet material used, the salient rate is altered  to 
find the most suitable interio r PMSM topology for EV t raction 
drives. The magnetic cross- coupling effect has been taken 
into consideration to increase the calculation precision. The 
PMSM with a V-shape rotor magnet is chosen and researched 
further (e.g. inductance, slot opening, permanent magnet 
chamfering) to compare the effectiveness of torque ripple 
reduction. Then a flux-weakening vector-control drive system 
is built  in Mat lab to provide a control scheme for high-speed 
operation. A V-shape rotor PMSM is finally prototyped and 
experimentally  tested to verify the developed numerical 
models.  
II. ROTOR TOPOLOGIES 
For PMSMs, the permanent magnet can be positioned in the 
rotor laminations as “U” shape, “V” shape and conventional 
E 
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shape. Three typical motor topologies are shown in Fig.1, 
while the motor specifications are listed in Table I. The 
following assumptions are made in order to compare d ifferent 
motor topologies: i) the stator, shaft, air gap and windings are 
identical; ii) the same amount of permanent magnet material is 
utilized; iii) the distance between the rotor slot (which 
containing the permanent magnet) outer edge and the shaft 
center is identical (namely, same magnetic insulation bridge 
size).   
 
           
(a)                                                (b) 
 
   (c) 
Fig. 1. Magnetic field distribution at no-load condition (a) U shape rotor (b) 
Vshape rotor (c) Conventional shape rotor. 
 
TABLE I  
M OTOR SPECIFICATIONS 
Parameter Value  
Power 
Rated Voltage (amplitude) 
Rated speed 
No. of pole pairs 
Stator outer diameter 
Stator inner diameter 
Rotor outer diameter 
Stack length 
20 kW 
85 V 
2000 rpm 
4 
210 mm 
148 mm
 
146.6 mm 
88 mm 
 
In general, interior PMSMs can be analyzed  under the rotating 
synchronous frame, as the stator windings are energized by d 
axis current id and q axis current iq respectively, The motor 
performance can be described by the inductances Ld and Lq. 
Due to the magnetic cross- coupling effect between the 
magnetic flux path in the d axis and q axis, accurate 
calculation of inductance parameters should take it into 
consideration. Therefore  the FEM can be utilized as below to 
obtain inductance parameters :  
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where Ψd and Ψq are the flux linkage in d  axis and q axis, 
respectively, and ΨPM is the flux linkage excited by the 
permanent magnet alone [16]. The saliency of the interior 
PMSM can be described by the salient rate, which is the ratio 
of the q axis inductance Lq over the d axis inductance Ld. The 
saliency of the rotor can drastically change the motor 
performance, especially at high-speed flux-weakening 
conditions [17].  
For the three interior PMSMs, a current source is employed 
as power supply and the salient rate under d ifferent d  axis and 
q axis current are obtained, as shown in Fig. 2 to4. 
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Fig. 2. U shape rotor motor  
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Fig. 3. V shape rotor motor 
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Fig. 4. conventional shape rotor motor 
 
It can be observed that the salient rate is affected by both id 
and iq with similar trends but at a different level due to the 
difference in  magnetic path in  the three motors. The salient 
rate decreases as q axis current increases, however, such trend 
is not obviously observed when a high d-axis current is 
applied. Th is is owing to the magnetic couple effect between 
the d-axis and q-axis magnetic field. At almost all the working 
points, the V-shape rotor motor has the highest salient rate, 
indicating the largest saliency torque when the same power 
supply is applied. The V-shape interior PMSM can be 
controlled with a wide constant-power region, which is highly 
valued in EV traction drives. 
III. TORQUE RIPPLE REDUCTION 
It is ideal that EV traction motors have low cogging torque, 
torque ripple and high power density. The cogging torque in 
PMSMs is formulated as [18]: 
2 2
2 1
10 2
( ) ( ) sin
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Where αis the rotation angle, z  is the slot number, Lef is the 
axial length of armature, R1 is the outer radius of rotor, R2 is 
the inner rad ius of armature, Gn is the n
th
 Fourier transform 
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3 
coefficient of the permanent magnet geometry parameter, Br is 
the air gap flux density in an  equivalent slotless motor. An 
analytical method based on a virtual PM concept and the 
superposition princip le for calculation of the cogging torque of 
interior PMSMs with mult i flux barriers in the rotor is 
illustrated in [19]. While the PM motor torque ripple can be 
expressed as [20]: 
0
, ,
6 1
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2
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g
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Where P is the number of poles, rg is the air gap rad ius, lstk is 
the stack length, fs,h , fr,h are the h
th
 stator and rotor MMF 
harmonics, respectively. It can be observed that the motor 
torque ripple is relative to the high order harmonic 
components in the MMF. The V-shape rotor interior PMSM is 
analyzed by FEM and the motor winding d  axis and q axis 
inductances at rated load in one electrical period are shown in 
Fig.5. 
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(a)                                                (b) 
Fig. 5. The d- and q- axis inductances. (a) d-axis inductance. (b) q-axis 
inductance 
 
As the existence of harmonic components in inductances, the 
torque ripple is  always present. In order to decrease the 
cogging torque and torque ripple for the V-shape interior 
PMSM, the stator and rotor parameter configurations can be 
adjusted accordingly. 
 
A. Effect of Stator Slot Opening 
The cogging torque (peak to peak), torque ripple (peak to  
peak) and  average torque of the V-shape interior PMSM at 
rated voltage as a function of slot opening width are presented 
in Fig.6.  
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Fig. 6. Variation of cogging torque, torque ripple and average torque 
 
As the slot opening width decreases, both the cogging torque 
and torque ripple in  interior PMSM are reduced. Clearly, the 
slot opening width impacts  main ly on cogging torque. For 
instance, the cogging torque reduces by 90% (1.5Nm at 0.6 
mm slot open width and 15.6Nm at the 4.2mm s lot open width) 
while the torque ripple reduces by 37% (20.8Nm at  0.6mm 
slot open width and 32.9Nm at the 4.2mm slot open width). 
The average torque is slightly affected by the increase in  the 
slot opening width and it gives rise to the magnetic path 
reluctance.  
B. Magnetic Pole Chamfering  
The pole chamfering method for each chunk of permanent 
magnets for the V-shape interior PMSM is shown inFig.7, 
where a denotes the pole chamfering width:  
 
Fig. 7. Magnetic pole chamfering 
 
By changing the chamfering width, the average torque, torque 
ripple (peak to peak) and cogging torque (peak to peak) can be 
altered, as shown in Fig.8. 
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Fig. 8. Variation of cogging torque, torque ripple and average torque 
 
From Fig.8 it can be seen that the pole chamfering can also 
impacts on the cogging torque and especially  the torque ripple.  
By changing a from 0 to 5mm, the torque ripple can be 
reduced by 4.3N*m. As the average torque is also affected, it 
is necessary to strike a balance between the output torque and 
torque ripple when adopting the pole chamfering method for 
interior PMSMs.  
IV. FLUX-WEAKENING CONTROL 
Due to the limitation of the converter capability, flux 
weakening is a commonly-accepted scheme to expand the 
speed range beyond rated for interior PMSMs. This is 
achieved by adjusting the id current to cancel out some 
magnetic field produced by permanent magnets.  
In this paper, a vector control drive system is designed and 
simulated in Mat lab. It consists of two operational modes: 
constant torque mode and constant power mode. The constant 
torque mode is for the motor running at a speed lower than the 
rated speed (2000 rpm in this case). The motor is controlled to 
generate the maximum torque with the least current below this 
speed while  the constant power mode  is for the motor running 
at speeds higher than the rated speed (flux weakening 
operation). The developed control drive system is 
schematically shown in Fig. 9: 
 
1051-8223 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TASC.2016.2594863, IEEE
Transactions on Applied Superconductivity
> Paper ID-5260< 
 
4 
PI
 
PI
 
SVPWM Inverter
IPMSM
874
 
 
2
6
1 PI
 
3
-
+
--
-
ai
ci
5
di
qi
Si
*
di
*
qi
*
du
*
qu
0du
0qu
e
e
Su
b
i
 
Fig. 9. The PMSM flux weakening control. 
1)  Reference speed. 2) Flux weakening block. 3) Voltage calculation.            
4) Decoupling block. 5) Integration. 6) Inverse Park transform.                          
7)    Clark transform.          8) Park transform.    
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Fig. 10. Torque response. 
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Fig. 11. Speed response. 
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Fig. 12. Offset flux weakening current. 
 
The PMSM drive is controlled via two closed loops: a speed 
loop and a current loop; a special PI controller is utilized in  
the flux weakening block: if the motor reference speed is 
lower than the flux weakening speed (rated speed), the PI 
controller saturates with no offset flux weakening current 
produced. Once the actual motor reference speed is higher 
than the flux weakening speed, a negative flux weakening 
current is produced by the PI controller to reduce the flux as 
per the speed extension requirements. The offset flux 
weakening current is a current added to the d axis current to 
decrease the flux density for the motor under flux-weakening 
operation. At 0s, the load is 100Nm and the reference speed is 
set at 2000rpm. At 0.1s the motor load decreases to 50Nm and 
the reference speed is up to 4000rpm. After 0.3s, the reference 
speed is set at 8000rpm and the load is decreased to 25Nm. At 
0.6s, the load returns to 100Nm and the reference speed is 
back to 2000rpm. The corresponding motor responses are 
shown in Figs. 10-12. It can be seen that if the motor speed is 
below the flux weakening speed 2000 rpm, the offset flux 
weakening current is zero. As the motor speed is higher than 
2000 rpm, the flux weakening  block acts dynamically and 
produces the flux weakening current through the PI controller 
based on actual motor speed. The drive system operates in flux 
weakening mode to expand the speed range. The whole 
control drive system has shown good dynamic and steady 
performance in response to speed and load variations  with 
capability of expanding the speed range up to 4 times, which 
is suited for EV traction drives.  
V. EXPERIMENT  
The back electromotive force (EMF) is a key parameter to  
evaluate the motor efficiency and torque performance. So the 
distance between the two magnets of neighboring poles 
(denoted L in Fig. 13) can be adjusted. Table Ⅱshows the 
EMF fundamental component amplitude and  its proportion in 
the whole spectrum as a function of L.  
 
Fig. 13. Distance between a neighboring pair of poles 
 
TABLE Ⅱ 
M OTOR EMF FUNDAMENTAL COMPONENT PROPORTION 
L(mm) 2 3 4 5 6 
Fundamental 
amplitude (V) 
66.43V 69.49V 71.97V 74.49V 77.13V 
Proportion  97.81% 97.32% 96.64% 95.85% 95.20% 
 
It can be seen that, as L increases, the fundamental 
amplitude increases but its proportion in the whole spectrum 
decreases. So a compromise should be achieved.  Moreover, L 
cannot be set too large as it may decreases the length of 
magnetic insulation bridge and reduces the rotor core 
mechanical strength in high speed operation.  
Following a numerical study, a 20kW V-shape interior 
PMSM for EVs  is prototype. The photographs of its stator and 
rotor are shown in Fig. 14. 
 
                     
(a)                                                (b) 
Fig. 14. Photographs of the prototype machine. (a) The stator. (b) The rotor. 
 
  Fig. 15 (a) presents the measured phase back EMF over 
one electrical cycle under rated speed under no load, as 
compared to numerical results by FEM. It is observed that the 
two results agree well with each other; while  Fig. 15 (b) shows 
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the fundamental amplitudes of measured EMFs at different 
motor speeds. Clearly, experimental tests have validated 
numerical models used for motor performance analysis. 
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(a)                                                               (b) 
Fig.15. Experimental results (a) Comparison of experimental and numerical 
results for EMF (b) EMF fundamental amplitude under different speed 
VI. CONCLUSION 
In this paper, the saliency of three different interior PMSM 
topologies considering the magnetic cross-coupling effect is 
investigated. Simulation results suggest that V-shape interior 
PMSMs have a higher salient rate than other types for EVs. 
The torque ripple is next investigated by FEM and it can be 
minimized by shortening the slot opening width and magnetic 
pole chamfering. Similarly, the cogging torque can be 
dramat ically suppressed by reducing the slot opening. 
Moreover, the motor capability to expand the speed range up 
to 4 times has been achieved by the designed flux weakening 
drive system. The effectiveness of the simulation models has 
been also experimentally validated by testing a prototype 
motor. 
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